The purpose of this paper is to show, for both X Distance along machine axis rotating and non-rotating blade rows, the importance of including circumferential non-uniform flow effects in a (3 Relative whirl angle quasi-three-dimensional blade design system. The paper follows on from previous publications on the system in 6 Radial blade lean which the mathematical analysis and computerised system are detailed.
Radial blade lean which the mathematical analysis and computerised system are detailed.
Results are presented for a different X Hade angle (Rolls-Royce terminology) stack of the nozzle guide vane presented previously and for a turbine rotor.
In the former case it is again P Density found that the blade force represents a major contribution to the radial pressure gradient, while for U Angular velocity of the blade row the rotor the radial pressure gradient it is dominated by centrifugal effects.
In both examples the effects a Axial blade lean of circumferential non-uniformities are detailed and discussed. Superscripts 
INTRODUCTION
In references 1 and 2 a quasi-three-dimensional turbomachinery blade design system was presented. This was composed of linked through-flow, blade-to-blade, and blade section stacking programs. Communication was through a database, allowing a number of blade-to-blade programs to be incorporated and making the system very versatile. A consistent passage averaging technique, discussed in reference 1, was used in which the only assumption adopted was that the blade-to-blade streamsurfaces for blade design were surfaces of revolution. The through-flow radial equilibrium equation derived using the technique contains the effects of the blade turning, the blade stack (axial and radial leans), loss and circumferential nonuniformities. These latter terms are integrals of differences from passage mean quantities. Their calculation from a blade-to-blade analysis is straight -forward and their inclusion in the system adds little in terms of complexity.
In reference 2 results from the system were given for a particular stack of a turbine HP nozzle guide vane. Comparison with experimental results showed good agreement and indicated a significant improvement over a non linked duct flow approach. It was shown how the individual terms composing the radial pressure gradient in the radial equilibrium equation could be considered and their influence and importance studied. In the example shown particular attention was given to the importance of the blade force. It was seen that such a system gave valuable information at an early stage in the design prior to a full three-dimensional flow analysis.
In this paper further results from the system are presented and additional aspects discussed. In one example a re-stack of the nozzle guide vane presented in reference 2 is shown illustrating the effects of changing the blade force on the resulting flow. Again good agreement between the results from the linked system and experiment are found indicating that the effects of the blade force can be modelled accurately. The individual components of the radial pressure gradient are presented in the same way as in reference 2 but the contribution of the perturbation terms are included here in order that their importance may be realised.
A further example shown is that of a turbine rotor, where the breakdown of the terms illustrates the effects of rotation and perturbation terms on the radial pressure gradient.
In both examples the contribution from the perturbation terms is found to be significant and as their inclusion in a quasi-three-dimensional system does not add significantly to the computing time their inclusion is viewed as mandatory.
The first two sections of the paper describe the passage-averaged through-flow equations and solution procedure. Convergence of the solution and consistency between the through-flow and blade-to-blade programs are then discussed followed by results of applying the system to both a stationary and rotating blade.
THROUGH-FLOW EQUATIONS
The radial equilibrium equation (REE) used in the streamline curvature through-flow method is:- The tilde represents density weighted passage mean quantities and the double primed quantities are "perturbations" from these means although they are not assumed small. It is these terms that are the main concern of this paper.
The blade force Ff3R is determined from the circumferential momentum equation. , (4) and where Fire represents a loss term, although in the results presented later only inviscid flow is considered.
In the REE the perturbation term is composed of three parts, a curvature perturbation, a centrifugal perturbation and a blade force perturbation. The first two arise naturally in the analysis from the use of density weighted means.
The la ,-ter arises from the choice of how to breakdown the blade force.
In tl,e approach adopted the blade mean cambersurface is taken as the datum in defining the blade stacking angles and the perturbation term follows naturally from this. It should be emphasised that no approximation is adopted in this approach.
The energy equation is used in the form
Q---2R2
Mean Flow Kinetic Kinetic Energy of the Energy(/ g 2 ) Non-uniform Flow( y2 ;77E)
In addition the continuity equation is used in the form:
where, because of the use of density weighted quantities, no perturbation terms occur.
The perturbation terms that occur in the above equations are easily determined from a blade-to-blade analysis as described in reference 1, and in the linked system can be included with little overhead. In determining the terms only velocity perturbations in the blade-to-blade streamsurfaces are considered in line with the quasi-three-dimensional approach adopted.
SOLUTION PROCEDURE
The solution procedure is described in detail in reference 2 but is given here for completeness. If we take the case of analysis of a single blade row then the blade and annulus geometry are known as well as the inlet flow conditions. The through-flow program is run to produce the streamline geometry through the blade row as well as the inlet conditions on the streamsurfaces. Streamline blade sections can be interpolated from the stacked blade geometry onto the through-flow streamlines. These can then be analysed in an appropriate blade-to-blade program using the through-flow inlet conditions and the Kutta closure condition at the blade trailing edge. It should be noted that the resulting exit whirl angle and Mach number will not in general agree with those from the through-flow program until the system has reached convergence. From the blade-to-blade program the mean whirl angle, blockage, loss, and perturbation terms are calculated for each analysed section and passed back to the through-flow program for the next cycle of the iteration. This process is continued until convergence is achieved (see later).
Communication between the programs through a database means that often after a first cycle through the system the procedure can be continued using a "monitor" program, avoiding the need for further manual intervention. Such a monitor program also enables convergence between the through-flow and blade-to-blade programs to be easily examined. These topics are discussed more fully in the next section.
CONVERGENCE AND CONSISTENCY
With all iterative schemes one has the problem of how to define, and then check, convergence of the scheme. Running the quasi-three-dimensional system in the analysis mode, outlined in the previous section, it has been found convenient to define convergence in terms of the change in exit angle imposed by the bladeto-blade calculation. Specifically, the quantityAO is formed which is the difference between the maximum and minimum changes in relative outlet angle between consecutive cycles. This quantity is shown for the rotor case presented in the next section in Figure 1 . An arbitrary convergence limit ofAV0.05 0 has been imposed on this solution, which has converged to this limit in seven cycles. It should be noted that this limit is set very low, and in normal use would be linked to the design tolerance of the component being examined.
Once convergence has been obtained and there is no change (or very little) from one cycle to the next, the solution can then be examined for consistency. There are at least two sources of possible inconsistency with a scheme such as this, if we discount computer roundoff favouring one particular program. They are:
(i) the mathematical expression of the governing equations in the blade-to-blade and through-flow programs not being compatible, and:
(ii) the evaluation and repeated interpolation of the interaction terms.
Apart from careful formulation of the governing equations, little can be done on the first point. It has not been found to be a problem but as more bladeto-blade programs are used with the system one has to be aware of the potential problem. The second source of inconsistency can never really be eliminated, but it can relatively easily be kept below the level needed for design purposes. Figure 2 shows a comparison of the rotor mid-height Mach numbers from the through-flow (TFP) and blade-to-blade program (BBP) showing that a good level of consistency has been achieved. The maximum value of Itl ,, s71-.131-, F' , a quantity used by Wang et. al. [3] , is 0.016, or a difference of 1.6% locally between solutions. When one considers that values have to be interpolated off the blade-to-blade grid onto pitchwise lines, then averaged to give the perturbation terms, which are passed to the through-flow and interpolated onto the internal stations for use, this value appears acceptable. consistency obtained are shown in Figure 5 .
The computed results against the test data at 20% (hub) 50%
08
(mid-span), and 80% (tip) heights are shown in Figure 6 and are seen to be in good agreement. contributing on the 5/6 C ax station.
This leaves the blade force term under the action of a much smaller perturbation term to set the radial pressure gradient.
Fig. 1 Change in rotor exit angle with cycles
It should be noted that the REE perturbation term is as important as some of the other effects included.
The situation is similar, but clearer, than that found for 
XANFLE 1 RE-STACKED VANE
In reference 2 the flow through a high pressure nozzle guide vane was examined using the present quasithr e e-dimensional system.
The results were compared against test data and showed good agreement.
In the same paper the component terms of the REE were presimted and it was argued that the blade stack, via the blade force term, played an important role in forming the radial pressure gradient. The sections forming this vane (stack 1) have also been stacked on the trailing edge with 12 0 of radial lean to produce the vane showed in Figure 3 , which we will call the stack 2 vane. This stack 2 vane had been rig tested in the same annulus configuration as stack 1 and therefore allows a direct comparison.
Axial and radial blade lean angles for the stack 2 vane are shown in Figure 4 . The radial blade leans show the 12° lean at the trailing edge, along with the general concave shape of the vane towards the leading edge, which can clearly be seen from Figure 3 . The system was run to convergence using five equally spaced stack 1 of this vane. There are five groups of perturbation terms that are important to the through-flow solution. In order to explore their importance they are given in Figure 8 as they appear in equations (2) to (5) with their associated names. It is worth noting that while the term "perturbation" has been used in describing these terms there is no assumption that any of them are small, the word has only been used to describe the difference between the actual and the averaged flow. The angular momemtum perturbation is of order 10-20% of the circumferential blade force and is therefore a significant term in determining the radial pressure gradient. While velocity perturbations will, in general, increase towards the mid-chord position in a blade row and then decrease as the flow becomes more uniform towards exit this term is larger at 5/6 C ax than it is at 1/2 C ax . This is directly attributable to the dominance of the gradient term (first term on RHS of equ (4)) in forming Po.
The three REE perturbation terms are shown in the next three rows of Figure 8 , and if summed produce the REE perturbation row of Figure 7 . The centifuging perturbation follows what has just been stated regarding velocity perturbations, making its maximum effect at mid-chord. Its overall effect though is weak with the blade force perturbation being the dominant term except near the highly contracting entrance to the vane where the curvature perturbation contributes. This latter term suffers from the combined effect of a falling perturbation velocity and reducing streamline curvature as percentage chord increases.
Finally, the last row in Figure 8 shows the perturbation kinetic energy which contributes co the energy equation. This term is as high as 30% of the mean flow kinetic energy and is therefore a significant term in equation (5) . In formulating their energy equation Sehra and Kerrebrock [4] postulated that this pertubation kinetic energy was unavailable to the mean flow and was lost, rather like the velocity fluctuations in a turbulent flow. Moore and Adhye [51 have shown that in the mixing process downsteam of a cascade the flow develops as if the primary flow was reversible and only the secondary flow kinetic energy decays irreversibly. The truth therefore seems to be that some of the perturbation kinetic energy could be unavailable to the mean flow but more experimental information would be needed to understand the mechanism. Meanwhile we have to keep our energy equation as given by equation (5) in order to be consistent with our blade-to-blade programs which assume that if the rothalpy is constant at inlet then it is constant throughout the blade-to-blade streamsurface.
In broad terms, all the above discussion applies equally to the stack 1 vane as to the vane presented here. This example has been selected to show the balance of the REE terms for a rotating component, and hence bring out the differences between this and the previous example. Figure 9 shows the breakdown of the REE, all plots being non-dimensionalised against the maximum radial pressure gradient at 1/4 C ax . The centrifuging term starts off large and reduces considerably through the rotor, in agreement with the low absolute whirl angle at the trailing edge. The axial pressure gradient however starts off small and rises through the rotor in line with a falling static pressure and small negative hade+ angles, the blade force exhibiting a similar trend.
At 1/4 C ax the centrifugal term dominates, with the blade force contributing to a small extent. By midchord the streamline curvature is large enough to be felt, while at exit all terms except for the now low centrifugal term produce an erratic radial pressure gradient.
The relative sizes of the perturbation terms are shown in Figure 10 . For this case the angular momentum perturbation reaches a maximum of 36% of the circumferential blade force, and is consistently large throughout the rotor. The three terms forming the perturbation-term for the REE appear to be more equal than on example 1, the centrifugal perturbation making +Rolls Royce terminology. The angle between the streamline and the axial direction in the meridional plane.
such a contributiOn that it dominates at 3/4 Cax. Finally the perturbation kinetic energy is seen to be around 30% of the mean flow kinetic energy reducing to 10% on the last station presented.
Comparing results from the rotor with those from the vane, it appears that the blade force is not as dominant an effect on the rotor as on the vane because of the stack being much less severe. Further, the overall level of pressure gradients encountered in the rotor appears to be lower, and the centrifuging term more dominant. As for the perturbation terms, the overall levels are very similar with the exception of a stronger contribution from the centrifugal perturbation on the rotor. The levels of perturbation kinetic energy are seen to be quite high and have to be accounted for in terms of consistency between the BBP and the TFP. 
CONCLUSIONS
Further results have been shown from a quasi-threedimensional system linking through-flow, blade-to-blade and section stacking programs. The case of a radically different stack of a previously published HP nozzle guide vane is presented and like its predecessor, shows good agreement with experimental data. The blade force is very different for the two blade stacks and its importance in determining the radial pressure gradient is clearly seen with the system adopted.
A further example of a turbine rotor illustrates the relative magnitude of the physical effects in determining the radial pressure gradient and the dominance of the centrifugal term in certain parts of the flow.
In both examples perturbation terms arising in the analysis, from the use of density weighted passage means and the blade force datum, are seen to be important in ensuring consistency between the throughflow and blade-to-blade programs and in determining the overall radial pressure gradient. In the linked system described these terms are easily included with little computational overhead.
